Wiring, dysmorphogenesis and epilepsy: A hypothesis  by Sisodiya, S.M.
Seizure 1995; 4:169-185 
REVIEW ARTICLE 
Wiring, dysmorphogenesis and epilepsy: 
a hypothesis* 
S.M. SISODIYA 
Epilepsy Research Group, Institute of Neurology, Queen Square, London WCIN 3BG, UK 
Cerebral cortical dysgenesis has been found by magnetic resonance imaging to be the second most common 
pathology underlying medically refractory chronic partial epilepsy. Patients with the latter condition form the 
largest group in specialist epilepsy clinics. The pathogenesis of the epilepsy in cortical dysgenesis remains largely 
obscure. The most popular current hypothesis holds neuronal misconnection secondary to neuronal malpositioning 
culpable for seizure activity. However, a review of the published literature of cortical dysgenesis and an analysis of 
newer magnetic resonance and histopathological data, suggests that this view is no longer tenable. A modified 
hypothesis proposed in which neuronal connectivity itself is postulated to be the primary motive force in both 
cerebral morphogenesis and epileptogenesis in cases of cortical dysgenesis. This hypothesis leads to the generation 
of a model for cortical development and directly testable predictions of intercellular connectivity, as well as a 
potential tool for the prediction of the possibility of freedom from seizure activity after surgical resection of 
dysgenetic lesions in individual cases. 
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INTRODUCTION 
The relationship between structure and function 
has been an area of consistently fruitful investiga- 
tion in the world of biology. Technical advances 
have led to more detailed structural analysis and 
this in turn has led to deeper functional under- 
standing. In the study of the aetiopathogenesis of 
epilepsy the situation is no different. Investigation 
9f the pathological substrate underlying certain 
forms of chronic partial epilepsy led to a 
hypothesis for the morphogenesis of the normal 
brain by Richman et aL in 1975 ~. Here the support 
for this hypothesis is critically reviewed in the 
light of both older studies and new data obtained 
from magnetic resonance imaging that allow 
ante-mortem in vivo analysis of certain cerebral 
abnormalities underlying epilepsy. The hypothe- 
sis is found wanting; a modified form is proposed 
that identifies neuronal connectivity as the 
primary generative force behind both mor- 
phogenesis and epilePtogenesis in partial 
epilepsy. 
* Entry for the 1994 Gowers Young Physician Prize. 
Abnormal development of the structure of the 
cortex, both at a macroscopic and histological 
level, has been recognized for more than a 
century as a possible cause of abortion, abnormal 
infantile neurological development, mental re- 
tardation and epilepsy, often in combination 2. 
The earliest abnormalities to be discovered were 
those of cerebral gyration: polymicrogyria, lissen- 
cephaly and schizencephaly. These gyral anom- 
alies (GA) are thought o be developmental s 
they have been found in aborted foetuses as early 
as 18 weeks of gestation 3. Subsequently each of 
these groups has been recognized to be heteroge- 
neous in composition, both aetiologically and 
structurally (for a review see Barth, 1987) 4. In 
addition, other forms of cortical maldevelopment 
have been recognized, such as dysembryoplastic 
neuroepithelial tumours 5"6, focal cortical 
dysplasia 7 and microdysgenesis s. Collectively, 
these anomalies may be called cortical dysgeneses 
(CD) 9. 
Magnetic resonance imaging has revealed that 
CD is found in a large proportion of brains of 
patients with chronic partial epilepsy 1°. In some 
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cases, surgical resection of CD has been per- 
formed for the treatment of medically intractable 
seizures in this patient group~; the occasional 
success of such treatment bears witness to the 
aetiological significance of CD. The identification 
of underlying structural abnormalities, including 
CD and GA, has thus become an area of intense 
interest in epilepsy research and the management 
of patients with chronic partial epilepsy. Unfortu- 
nately, experience has shown that, apart from 
those patients with dysembryoplastic 
neuroepithelial tumours (DNT), resection of CD 
lesions rarely leads to the complete cessation of 
clinical seizure activity. An explanation of this is 
not yet forthcoming. 
Why CD lesions should in the first instance be 
epileptogenic is a question that has itself yet to be 
answered. The weight of opinion currently is that 
in the case of GA, the disordered istribution of 
neurons leads to errors in connectivity hat in turn 
are responsible for epileptogenesis. In this essay, 
the opposite point of view will be explored and 
the hypothesis postulated that primary neuronal 
and connectional abnormalities lead to the 
development of epilepsy and that when extensive 
enough, such changes lead to visible abnor- 
malities of cortical structure. This approach 
provides a robust explanation of normal and 
abnormal gyral morphogenesis, epileptogenesis 
in CD, and the failure of current surgical therapy 
for resective cure of chronic partial epilepsy due 
to CD. 
THE SUBSTRATE: CORTICAL ANATOMY 
AND DEVELOPMENT 
The adult human neocortex is histologically 
composed of six layers ~2. The outermost, subpial 
layer is composed mainly of tangentially-oriented 
fibres and is called the molecular layer, or layer I. 
Passing progressively further inwards, five major 
cellular layers are discernible on the grounds of 
cellular morphology and disposition: they are 
labelled layers II-VI, respectively. 
The convoluted adult form of the human 
cerebral hemispheres develops from the tel- 
encephalic vesicles--paired spherical structures 
at the rostral end of the neural tube ~3. The 
archicortical hippocampal structures develop 
from the medial walls of these primordia, the 
corpus striatum from the ganglionic eminences in
the ventral walls and the neocortex (the cortical 
ribbon) from the dorsolateral walls. 
Neocortical development, with which we are 
concerned, occurs in a number of overlapping 
phases, reviewed by Caviness ~4. Initially, the 
dorsolateral spect of the telencephalic vesicle is 
a pseudostratified epithelium. Mitotic activity 
within this germinative zone eventually gives rise 
to successive waves of daughter cells, which 
migrate centrifugally and establish a number of 
cell layers between the ventricular epithelium and 
the overlying primitive meninges. The layers are 
formed in two groups: an early scaffolding 
structure, the preplate, is subsequently invaded 
by the migrating cells of the developing cortical 
plate which splits the preplate into the presump- 
tive molecular layer and a subcortical collection 
of cells in the subplate. 
Before these complex cellular movements 
occur, however, the early pseudostratified pithe- 
lium acquires an investment of corticopetal 
neuronal fibres, thought to arise from the 
presumptive dorsal thalamus and mesencephalic 
tegmentum ~5. These fibres pass from the dien- 
cephalon to the telencephalon through the 
attachment of the telencephalic vesicle to the 
dorsum of the diencephalon, in a region which 
will become the internal capsule within the corpus 
striatum. These fibres pass subpially to the 
dorsolateral spect of the telencephalon byday 44 
of gestation. 
At this stage, mitotic activity in the periventri- 
cular germinative zone gives rise to preplate cells, 
which form, for. example, bipolar Cajal-Retzius 
cells horizontally disposed within the primitive 
plexiform layer formed by the corticopetal fibres. 
It should be noted that even at this stage 
axodendritic synapses can be seen between these 
entities ~6, arguing for an early role for intercellu- 
lar connectivity. 
By day 54, the cortical plate is beginning to 
form ~7. Neurons geiaerated in the periventricular 
zone migrate centrifugally along radially-disposed 
processes of glial cells. Successive waves of cells 
pass into the preplate, splitting this tangentially 
into the presumptive molecular layer, which 
retains within it a few cells, and the deeper 
subcortical remnant, the subplate, which gives 
rise to the few neurons found in the mature brain 
at the boundary between layer VI and the white 
matter. Successive generations of mitotic progeny 
pass through earlier generations in their migra- 
tion and thus establish an 'inside out' gradient of 
formation of the layers of the cortical plate ~8. 
Importantly, synapses can be seen in the split 
layers of the preplate before any become 
apparent in the developing cortical plate. The 
early invading corticopetal afferents connect as 
detailed above, whilst thalamic afferents destined 
to synapse within the cortical plate arrive at an 
early stage and synapse on cells in the subplate ~9. 
These early connections seem to be very impor- 
tant in the subsequent organization of the cortex, 
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as selective ablation of cells regionally in the 
subplate leads to the failure of the local thalamic 
afferents to pass eventually into the overlying 
cortical plate, even though their predestined 
targets are in their correct positions 2°. Instead the 
afferents take a tangential course through the 
white matter and come to underlie the cingulate 
cortex. This argues trongly for a precocious role 
for early interneuronal connectivity in the forma- 
tion of later definitive connectivity. 
There is rapid growth of the cortical plate (CP). 
Neurons migrate mainly between the seventh and 
16th week of gestation, through the timing of the 
cessation of migration in the human is not clear, 
and in far fewer numbers may continue even 
postnatally 2~. Cells of layer VI are in place first, 
followed by those of more superficial layers until 
those of layer II are in position. 
Neurons in the various laminae differentiate 
into one of a group of shapes typical for that 
layer 22. They have layer-specific afferent and 
efferent connections. All laminae possess inter- 
neurons, forming so-called local circuits, and 
projectional neurons, almost invariably of pyram- 
idal morphology, whose axons pass out of the 
immediate cortical organization to more distant 
areas. Projectional cells of layer II tend to be 
associative, producing and receiving intrahemis- 
pheric, corticocortical fibres; layer III projec- 
tional cells give rise to and accept transcallosal, 
interhemispheric fibres. Cells of layer IV tend to 
have reciprocal connections with the thalamus. 
The infragranular layers V and VI .project 
subcortically, layer V cells to the spinal cord, 
tectum, striatum, pons and medulla and layer VI 
cells to the thalamus and claustrum 23. 
The timing of synaptic development across the 
cortex remains a somewhat ill-defined and dis- 
puted topic. It is not clear whether synapses 
develop concurrently throughout he cortex as 
Rakic and his colleagues maintain 24, or whether 
there are laminar and regional ontogenetic 
gradients 2s. Nevertheless, there is agreement that 
synaptogenesis within the CP occurs most mark- 
edly after 23 weeks of gestation (e.g. Molliver et 
a/t6). 
Macroscopic morphogenesis, with the forma- 
tion of gyri and sulci and the larger movements 
that change the originally spherical vesicle into 
the adult form of the cerebrum, proceed through- 
out gestation. The earliest fissures visible are the 
sylvian and callosal (10-15 weeks) 26. As gestation 
progresses, more and more gyri and sulci are 
formed--the xact position and extent becoming 
more variable the later gyri form 26"27. 
As growth proceeds in the cortical plate, which 
becomes the mature neocortex, radial expansion 
is limited such that the human cortex extends for 
only 2-5 mm perpendicularly to the pial surface. 
Conversely, growth parallel to the pial surface 
(tangential growth), is much greater, contributing 
the major component o the overall 400-fold 
growth in the volume of the neocortex from the 
13th week to term 28. This ontogeny recapitulates 
the phylogenetic progression in the mor- 
phogenesis and functional diversity of the cortex 
as will be discussed further. 
This account is a gross simplification of the 
subtleties of human neocortical maturation, much 
of which remains incompletely understood. It has 
been shown recently, for example, that the 
long-held belief that only radial movement of 
neurons occurs in embryogenesis is false: tangen- 
tial migration of clonal populations does 
OCCUr 29'30. Thus the radial unit hypothesis 3~ in its 
pure form is no longer tenable32: The periventri- 
cular germinative pithelium cannot be regarded 
as a 'protomap' of the adult configuration of the 
cortex 33, with cells in different laminae arising 
essentially from the same progenitor cells and 
thus committed at an early stage to function in a 
coherent 'radial unit' (or vertical column) in the 
mature cortex. This in addition invalidates a view 
that dysgenesis of the cortex can be regarded in 
terms of a reduction in either the number of 
radial units or the number of cells within a unit 3t. 
ABNORMAL CORTICAL DEVELOPMENT: 
THE CORTICAL DYSGENESES 
Cortical development as summarized above may 
be disrupted at any stage. Attention in this essay 
will be focused on abnormalities that are as- 
sociated with changes in the disposition of the 
grey and white matter in the cerebral hemi- 
spheres and with other lesions of a more focal 
nature, believed to be developmental in origin, all 
of which are associated with epilepsy. Thus, 
pachygyria, agyria (or lissencephaly), schizen- 
cephaly, subependymal heterotopia nd subcorti- 
cal heterotopia will be discussed. In all of these 
conditions, there is abnormal positioning of 
neurons in the adult brain, associated in some 
with a disruption of the normal six-layered 
configuration of the cortical ribbon. Although 
these conditions are sometimes referred to as 
neuronal migration disorders 4, this may not be 
appropriate as there is evidence that some are 
post-migrational. 
Abnormal neuronal positioning may be much 
more subtle and involve fewer neurons, resulting 
in microdysgenesis 34, with the finding of excessive 
numbers of neurons in the subcortical white 
matter. Abnormal neurons may be found in any 
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of these conditions, although there has been 
relatively little investigation at the cellular level in 
these diseases. The occurrence of abnormal 
neurons throughout a possibly normally- 
laminated cortex is the hallmark, however, of the 
condition known as focal cortical dysplasia 7.
Aberrant cellular development may include 
non-neuronal elements and produce a focal lesion 
with abnormal structure called a dysembryoplas- 
tic neuroepithelial tumour  (DNT) 5"6, a recently- 
described anomaly held responsible for a number 
of cases of chronic partial epilepsy. 
Together, these conditions may be grouped 
under the heading of cortical dysgenesis 9. The 
conditions have been extensively documented 
and reviewed4"35"36; they will be briefly described 
below. 
1. Agyria or Lissencephaly describe a brain in 
which gyration is absent. There are at least two 
distinct histopathologies. In type I the affected 
cortex is four-layered: there is a superficial, 
subpial molecular layer, then a disorganized 
outer cellular layer, a cell-sparse zone and 
finally an inner cellular layer with numerous 
cells whose migration is believed to have been 
arrested and which would normally have 
constituted mainly layers II and III. The 
migratory defect in type I lissencephaly is 
thought to have occurred between 12 and 16 
weeks of gestation. Type II lissencephaly is
characterized by a smooth cerebral surface and 
a thickened cortex in which there is little 
discernible layering of any sort--neurons 
instead being grouped in clusters and columns. 
In the white matter underlying the 
superficially-placed neurons are heterotopic 
neurons forming nodules. Other, as yet 
unclassified, varieties of lissencephaly also 
exist 4. 
2. Pachygyria is the presence of broader and 
fewer gyri than normal. Histologically, the 
picture is identical to that seen in agyria, and 
the two often occur together in the same brain. 
It is believed that pachygyria is simply a less 
severe form of agyria. Macrogyria is a purely 
descriptive term, applied to gyri that appear 
broadened, either on inspection or on imaging. 
It carries no histopathological implications, 
and indeed may be due to at least six different 
pathologies, including pachygyria, polymic- 
rogyria and forme fruste of tuberous clerosis. 
3. Polymicrogyria is the macroscopic finding of a 
large number of narrowed, thinned gyri. On 
inspection, whilst this may be visible, fusion of 
adjacent molecular layers may give the im- 
pression of macrogyria. Histologically, there 
are layered and unlayered varieties. In the 
layered form, there is believed to be post- 
migrational destruction of cells, mainly in 
lamina V, probably due to transient vascular 
insufficiency. This is associated with an in- 
creased convolutedness of the overlying lam- 
inae, with the generation of small gyri of 
reduced thickness and width. The insult caus- 
ing layered polymicrogyria is believed to act 
between 18 and 24 weeks of gestation. Un- 
layered polymicrogyria is macroscopically in- 
distinguishable, but a cell-sparse layer sugges- 
tive of laminar destruction is not present. The 
cause is believed to act between 12 and 17 
weeks of gestation. 
4. Schizencephaly is the presence of clefts ex- 
tending across the wall of the hemisphere, 
from the pia to the ependyma. The walls of 
the cleft are lined by grey matter, which may 
be polymicrogyric. The walls may be apposed 
or separated. It is believed to result from a 
destructive influence that in less dramatic 
cases produces polymicrogyria. 
5. Subependymal heterotopia is the presence in 
either nodular or band form of ectopic grey 
matter in the post-developmental brain lying 
underneath-the ventricular ependyma. It is 
found most commonly around the trigones 
and is usually associated with normal gyration 
of the overlying cortex. It may be due to a 
failure of migration or of apoptosis. 
6. Subcortical heterotopia is the presence of 
aggregations, in either laminar, band or no- 
dular form, of neurons in the subcortical grey 
matter, commonly in the centrum semiovale. 
It may be associated, especially if extensive, 
with abnormal gyration of the overlying corti- 
cal ribbon. It is believed to be due to a 
premature arrest of neuronal migration. 
7. Microdysgenesis is the presence of small num- 
bers of neurons in the subcortical white mat- 
ter. Such neurons are present normally, but it 
is believed that in some subjects with epilepsy 
the quantity of such neurons is excessive 34. 
8. Focal cortical dysplasia is the presence of 
abnormally large and dysmorphic neurons in 
many layers of an otherwise normally layered 
and convoluted cortex and is found in the 
brains of a number of cases of patients with 
partial epilepsy. There may also be abnormal 
glial cells in these areas. 
9. Dysembryoplastic neuroepithelial tumour is 
the most recently recognized variety of corti- 
cal dysgenesis. Histologically, it is charac- 
terized by the presence of multinodular archi- 
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tecture, cellular polymorphism and associated 
intralesional neuronal dysplasia. 
The ante-mortem revelation of these condi- 
tions became possible with the advent of com- 
puterized tomography (CT) scanning. Magnetic 
resonance (MR) scanning, affording a far greater 
ability to delineate soft tissues, has revealed that 
these anomalies occur much more frequently than 
previously supposed ~°, accounting for up to 24% 
of structural abnormalities presumed to underlie 
chronic partial epilepsy in some series. 
Having described normal and abnormal brain 
development and shape, we can now return to the 
theme here: how can these structural abnor- 
malities of development (dysmorphogeneses) be 
linked to neuronal malpositioning and how can 
they be related to abnormal function in 
epileptogenesis? 
RICHMAN'S MECHANICAL HYPOTHESIS OF 
CEREBRAL GYRATION 
In 1975, based on their histological analysis of a 
case of polymicrogyria and one of lissencephaly, 
Richman et al  ~ proposed amodel of cerebral gyral 
formation. In their case of polymicrogyria, cells in 
layers II and III were considered to be normal, 
whilst those in layer V were decimated in 
number, with fewer cells variably also in layer IV 
and a normal complement in layer VI. In their 
case of lissencephaly, there was a deficiency of 
cells in the more superficial layers, with a more 
normal complement in layers V and VI, under 
which was a cell-sparse zone. Under this was a 
large number of heterotopic neurons presumed to 
have been destined for layers II-IV, but whose 
migration had been arrested. In the polymic- 
rogyria, the cells in layer IV were thought o have 
migrated and then been destroyed, this being 
therefore a post-migrational nomaly. The lissen- 
cephalic cortex was thicker than normal and the 
polymicrogyric cortex thinner. 
To explain this association of cytoarchitectonic 
abnormalities with the observed gyral changes, 
they postulated a model of cortical gyration as 
follows. They considered the cortex divided into 
two strata, the more superficial comprizing layers 
I-III, and the deeper, layers IV-VI. Initially, 
these strata were thought of as homogeneous, 
incompressible fiat layers bonded to each other 
and to an infinitely deep core. The layers had 
given uniform thickness and elasticity. They 
proposed that in the normal brain, the superficial 
stratum grew more than the deeper one and 
demonstrated that, under certain conditions-- 
including the maintenance of a uniform radial 
thickness--this would lead to a buckling of the 
surface of this structure, with a sinusoidal 
displacement of points perpendicular to the 
surface. Thus, gyri and sulci would form. The 
distance between homologous points on the gyri 
or sulci (the wavelength of the surface undula- 
tions) was calculable and they predicted that it 
would be eight times the summed thickness of 
their two strata. 
In the case of the polymicrogyria, they sug- 
gested, based on estimated measurements of the 
surface areas of the various laminae in their case, 
that there had been deficient growth of the 
deeper layer due to absence of lamina V (mainly), 
with the calculable ffect of an increased buckling 
of the cortical surface--polymicrogyria. In the 
lissencephalic ase, they presumed that the 
growth of the more superficial layers was less than 
that of the core (with its malmigrated comple- 
ment of neurons), with the calculable ffect that 
buckling would not occur. Thus, based on 
observed abnormalities of cell position, they were 
able to predict the observed morphology of the 
cortical surface. They postulated that differential 
growth between the two strata was responsible 
for dysmorphogenesis. Richman et al  I thus 
considered that intracortical factors determined 
morphogenesis. 
Subsequently, Armstrong et a137, in a test of 
Richman's hypothesis, quantified the volume 
ratio of supragranular to infragranular layers 
(equivalent to Richman's stratum 1 and 2, 
respectively) and found a significant correlation 
between this parameter and an index of con- 
volutedness in the brain of the rhesus monkey. 
They explicitly considered ifferential growth not 
only to be morphogenetic but also to be due to 
changes in the neuropil extent in the supragranu- 
lar and infragranular layers. Others have also 
explicitly attributed this intracortical determina- 
tion to interneuronal connectivity, that is, the 
development of the neuropil. Other workers (e.g. 
Barth 4) have ascribed epileptogenesis in CD to 
the malpositioning of neurons, which they have 
accepted leads to dysmorphogenesis as modelled 
by Richman et al  ~. 
Since then, other models have been proposed 
for gyrogenesis, and though many other useful 
concepts have arisen (e.g. Prothero38), no one 
model has been as widely accepted as theirs. 
Abnormal gyral patterns are interpreted in the 
context of this model, and histology, where 
available, considered in the same light. Indeed in 
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its fundamental principles, it is an intuitively 
agreeable hypothesis. 
Thus overall, current thinking would suggest 
that cortical neuronal positioning determines 
interneuronal connectivity, which is the implicit 
expansionist force in Richman's model. Con- 
versely, malpositioning of neurons is believed to 
lead to miswiring between them, leading to 
abnormal growth and dysmorphogenesis as een 
in CD. Both dysmorphogenesis and misconnec- 
tion secondary to neuronal malpositioning are 
then held to cause epilepsy. 
However, evidence will now be considered that 
shows firstly that in its original form the 
mechanical model of cerebral gyration cannot be 
maintained. Then the causal linkages between 
malpositioning and misconnection, dysmor- 
phogenesis and epileptogenesis will be chall- 
enged. Finally, a revised hypothesis will be 
proposed linking these aspects of cerebral struc- 
ture and function. 
ASSUMPTIONS INVALIDATED: PREDICTIONS 
NOT UPHELD 
With the use of certain assumptions, Richman et 
al I make a number of predictions from their 
model. The most important of these is that the 
ratio of the intergyral separation (the wavelength 
of gyration) to the cortical thickness in the normal 
foetal brain should be eight and the ratio in 
polymicrogyric brain, one. However, the evid- 
ence available does not bear this out: 
1. As reviewed and emphasized by Welker 39, the 
human cortical ribbon is not of uniform 
thickness, either during embryogenesis or in 
the adult: gyral crown cortex is thicker than 
gyral fundal cortex and both vary according to 
the area of the brain being examined. Whilst 
the difference in absolute terms is never great 
(e.g. 2-5mm), it is significant enough to 
invalidate the simple model originally pro- 
posed, which assumes a uniform total thick- 
ness across the cerebral surface. The picture 
published by Richman et al themselves in 
their original paper shows a polymicrogyric 
cortex which is clearly not of uniform thick- 
ness: gyral crown cortex may be three times 
as thick as fundal cortex. It is possible that 
the plane of section may confound the issue, 
though we must assume that the authors 
would have addressed this possibility in their 
choice of illustration. 
2. In addition, for gyrogenesis in the normal 
. 
. 
brain, Richman et al  assume that the thick- 
nesses of their two composite layers are the 
same across the cerebrum. The extensive 
histological analyses of Bok  4° give the lie to 
this assumption. In elegant work, Bok dem- 
onstrates that the thickness of the more 
superficial layers is greater in the fundus than 
at the crown of a gyrus, and that the reverse is 
true for the deeper layers. Bok's own inter- 
pretation of this is that neuronal architecture 
has to alter in response to these morphological 
facts. This view is counter to the thesis of this 
essay, in which neuronal changes are held to 
be morphogenetic, but this does not detract 
from the conclusion that another of the 
model's assumptions cannot be maintained. 
The ratio of gyral wavelength to cortical 
thickness in the normal brain should be eight 
according to the model. It has already been 
shown above that the cortical thickness is not 
uniform (even when the perpendicularity of
the plane of section to the gyral surface is 
assured). Nevertheless, if for the moment his 
problem is ignored and a mean value for the 
thickness of the cortical ribbon produced, for 
the normal brain, this ratio is not always 
eight. Measurements have shown that in the 
normal brain, the gyral wavelength may be as 
small as 8 mm: the corresponding mean corti- 
cal thickness is more than 3mm. That this 
prediction is not upheld must reflect either 
the invalidity of the assumptions or an inade- 
quacy of the mechanical finesse of the 
hypothesis. 
Zellweger's syndrome 41is an inherited condi- 
tion with abnormalities of the kidney, liver 
and brain. In the latter there is an incomplete 
disruption of neuronal migration, affecting 
especially neurons destined for cortical ayers 
II and III. There is widespread gross convolu- 
tional disorder, with areas both of polymic- 
rogyria and pachygyria. Histological analysis 42 
reveals that in the polymicrogyric areas, there 
is a reduction in the number of cells in 
laminae II and III, and an increase in the 
number of cells (some ectopic) in laminae V 
and VI. In the pachygyric areas, there is a 
more marked reduction in laminae II and III: 
this is of such a magnitude that the morph- 
ological aminae V and VI come to lie 'just' 42 
under the molecular layer, and in addition in 
these areas, there are even more ectopic 
neurons in these superficially displaced lam- 
inae. In both areas, there are large numbers 
of ectopic neurons in the subcortical white 
matter. If the model's predictions are applied 
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to these changes, then the morphological 
alterations een should not occur: in particu- 
lar the pachygyric areas should be at least 
normally convoluted if not actually 
polymicrogyric. 
Thus the model of Richman et al cannot be 
supported in its original form. There are two 
alternatives, however. One is that the actual 
numbers of displaced neurons are such that 
the net effect would be predicted by the 
hypothesis if it could be adapted to a much 
smaller field of action. The other is that in 
fact the growth of the cells in laminae II and 
III in polymicrogyric areas is greater than 
that, overall, both of the superficially- 
displaced, ectopic cell-laden laminae V and 
VI in pachygyric areas and the subcortical 
heterotopic neuronal areas, thus leading to 
increased folding of the cortical ribbon in 
these areas as predicted by the model. 
Unfortunately, in this study 42 as in most 
studies, stereological techniques were not ap- 
plied to quantitate cell numbers, nor were 
Golgi staining techniques used in an attempt 
to examine dendritic field changes in abnor- 
mally positioned neurons. In either case it is 
apparent that as it stands the model of 
Richman et al is unsupportable. 
However, based on this model, epileptogenesis 
in dysmorphic brains has been ascribed to the 
malpositioning of the component neurons: given 
that the model is untenable can this still be 
assumed to be true? 
NEURONAL MALPOSITIONING IS NOT 
NECESSARILY EPILEPTOGENIC 
Richman et al's model can explain GA in terms of 
differential laminar growth of malpositioned 
neurons, and misconnection eeds then to be 
implicitly invoked as a result to explain epilep- 
togenesis. However, this may be unsustainable: 
1. In the mutant 'reeler' mouse, there is a 
well-studied, gross disruption of the normal 
cytoarchitecture 43. There is complete laminar 
inversion of the structure of the cortex, such 
that the morphological and functional charac- 
teristics of layer VI cells are to be found in the 
most superficial ayer and those of layer II 
cells, in the deepest layer. These mice, though 
markedly ataxic, may grow to maturity and 
breed but never have seizures. Connectivity, as 
far as has been examined, is not different to 
that of the normal cortex. Thalamic and 
callosal connections are normally distributed. 
Visuotopic co-ordinates in the primary visual 
representation are indistinguishable from 
those in the normal mouse, as essentially are 
single-cell recordings of the receptive fields of 
neurons in the visual cortex 43"44. Thus normal 
cortical function seems largely to have been 
maintained espite the gross cytoarchitectonic 
disorder because normal connectivity has been 
undisturbed. 
2. Similarly, McConnel145 has produced many 
bizarre cortical disruptions in her studies of 
cortical development: none of these animals 
have had seizures. 
3. Jensen and Killackey 46 disrupted neuronal 
migration in rats by irradiating foetuses at 
specific times during gestation. They identified 
cells in the resulting subependymal heteroto- 
pic CD as those destined for layer V, based 
both on chronological (birthdate) and mor- 
phological grounds. These cells were shown to 
retain their expected projectional targets to 
the spinal cord, despite their failure to migrate. 
This argues not only for an early commitment 
to projection, based probably on an early 
restriction of laminar fate, but also that 
malposition does not necessarily result in 
miswiring. 
4. Human CD lesions may not necessarily be 
associated with epilepsy (which remains a 
clinical diagnosis). Thus, in a series of 31 
patients with congenital bilateral perisylvian 
GA (thought o be polymicrogyric in nature on 
MR grounds and shown histologically in two 
cases), 13% had never had seizures (the age of 
these patients is not published, however) 47. 
5. There are reports of patients with presumed 
subependymal or subcortical heterotopic grey 
matter demonstrated on MR scanning who are 
asymptomatic, even though they may be older 
than their related index cases who presented 
with epilepsy 48. 
6. Barkovich et a149 have shown, .semi- 
quantitatively, that neuropsychological nd 
clinical seizure severity assessments are worse 
for those patients with subcortical heterotopia 
than for those with subependymal heterotopia. 
In addition, patients with subcortical heteroto- 
pia are more likely to have overlying gyral 
abnormalities than are patients with sub- 
ependymal heterotopia. That the grey matter 
is further removed from its normal position in 
subependymal heterotopia than in subcortical 
heterotopia is too simple an interpretation and 
again demonstrates that position is not all in 
the genesis of pathophysiology. 
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Thus there exists a large body of work, animal 
and human, observational nd experimental, to 
show that malpositioned neurons are not neces- 
sarily functionally misconnected, nor lesions 
consisting of such neurons necessarily epilep- 
togenic. Malpositioning or dysmorphogenesis and 
misconnection or epileptogenesis may be as- 
sociated but are not necessarily causally related. 
How then can neuronal positioning and con- 
nectivity and cerebral morphology be associated? 
WIRING: THE IMPLICIT LINK 
The volume of the cortex increases hugely during 
ontogeny. There is much evidence to suggest that 
the development of the neuropil is responsible for 
the growth of the neocortex. The maximum rate 
of increase in cortical tangential extent is 
concurrent with neuronal elaboration of secon- 
dary and tertiary dendrites, and is therefore 
postmigrationa126. Cortical neuronal dendritic 
maturation is associated with the ingression of 
corticopetal afferents; gyral development occurs 
concurrently with synaptogenesis 16"26. Volumetric 
histological analysis reveals that the majority of 
the cortical ribbon is composed of material other 
than neuronal cell bodies 5°. Comparative inter- 
gyral measurements reveal that, for example, 
layer 4 is thicker where the cortical sensory input 
is greater sg, although cell density in areas of 
different function is the same 5'. 
There is a parallel increase in the volume of the 
neocortex through phylogeny. This progressive 
growth, however, is limited primarily to the 
surface area of the cortex 52. Thus from the bat to 
the human, cortical thickness varies from 0.6 to 
5 mm, a single order of magnitude; the expansion 
of the surface area, however, is over five orders of 
magnitude. It has been proposed that this 
difference is due to biophysical constraints on the 
length of the apical dendrites of pyramidal 
cells 52-54. A more important consideration, how- 
ever, may be that if the thickness of the cortex 
were to increase, and neurons to maintain 
extensive dendritic expansions, then the overlap 
in the radial dimension that would of necessity 
follow would inherently limit the access to these 
very neurons of incoming axons whose number 
perversely would need to increase per tangential 
unit area of cortex as more neurons would require 
connection. In order to maintain the probable 
parallel nature of processing function in the 
cortex 55, this hurdle has been sidestepped by 
expansion tangentially with limited increase of 
the thickness of the cortex. This also implies that 
in conditions in which the thickness of the cortex 
is pathologically increased, if the number of 
neurons in the radial extent is also proportion- 
ately greater, then for these neurons to remain 
connected, their dendritic expansions must be 
attenuated, implying altered interneuronal 
connectivity. 
It would seem therefore that expansion of the 
cortex, that occurs in its surface area rather than 
its depth, is due to the development of inter- 
neuronal connections: the wiring that constitutes 
the neuropil. This is implicit in Richman's model 
of morphogenesis but it is not overtly stated. 
There is also a considerable body of evidence, 
however, that demonstrates its importance as a 
primary agent in dysmorphogenesis. This will 
now be reviewed. 
(MIS)WlRING AND (DYS)MORPHOGENESIS 
1. Barron in 195056 reported one of the few 
experiments performed in order to examine 
the causes of gyrogenesis. He was able to 
destroy various parts of the foetal sheep brain 
and then to examine the brain after several 
more days of intrauterine development. He 
showed primarily that the neocortex, separ- 
ated from all its projectional targets and 
corticopetal fibre inputs nevertheless de- 
veloped gyri and sulci. He also showed that 
when thalamic input to the presumptive visual 
cortex was removed that this region of cortex 
was less well endowed with secondary gyri 
than its undeafferented contralateral homo- 
logue. When the developing hemispheres were 
transected in the coronal axis, the caudal 
portion degenerated; the fissural pattern of the 
anterior remnants differed from comparable 
areas on unoperated foetuses. There was no 
histological examination of the lesioned bra- 
ins, limiting the usefulness of the study. In 
addition, the specificity of the effects of 
surgery cannot be vouchsafed (see below). 
Nevertheless, Barron showed that cortical 
folding was an intracortically-generated event, 
and also that altered connections within the 
cortex and from subcortical structures could 
on occasion alter the final shape of the cortex. 
2. That interneuronal connectivity is mor- 
phogenetic is also shown and discussed by 
Goldman and Galkin 57. They performed pre- 
natal prefrontal corticectomies in primates and 
subsequently compared the gyral patterns thus 
altered with those in postnatally operated 
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controls. They were able to demonstrate hat 
the gyral pattern was altered not only in the 
operated area, as might be expected, but also 
in distant regions (e.g. occipital obe) of the 
same hemisphere and also contralaterally. 
Although they were able to exclude prolonga- 
tion of neurogenesis and interference with 
neuronal migration as possible explanations 
for their findings, they could not be confident 
that the trauma of surgery had not affected the 
foetus in some ill-defined systemic way, such as 
through transient ischaemia. Against this 
possibility, however, was their finding of 
normal 'general cytoarchitectonic composi- 
tion' in the distantly affected gyri. It should be 
remembered that the prefrontal cortex is 
primarily associational nd known to project in 
the rhesus monkey to the occipital obe. The 
adjacent precentral gyrus of the dorsolateral 
convexity was unaffected, however: this argues 
against a non-specific mechanical---or indeed, 
vascular--effect of surgery as such effects 
would be expected to be more dramatic next to 
the lesioned area than in distant areas. More 
importantly, the precentral gyrus, unlike the 
affected occipital gyri, is not an associational 
region and thus intracortical connectional 
changes arising from the lesioning of prefron- 
tal cortex would not be expected to alter 
connectivity, or the morphology, in this syrus. 
This was discussed by Goldman-Rakic 58.
Despite the loss of cortex, no specific 
neurobehavioural consequence was demons- 
trable in the prenatally-operated monkeys as 
compared to those operated on postnatally, 
who had predictable performance deficits on 
formal testing. It would seem that lesions that 
affect he development of the prefrontal cortex 
produce distant gyral changes as a result of 
altered connections between these regions. 
Connectivity can therefore be morphogenetic 
in this situation; altered connections and 
neuronal function must also be invoked to 
explain the lack of any functional deficit in 
prenatally lesioned animals. 
3. By manipulating corticothalamic input, 
Rakic 3~ provided a further example of the 
morphogenetic potency of interneuronal con- 
nectivity. When performed in the first half of 
gestation, bilateral enucleation led to the 
development of gyri in the normally smooth 
occipital convexity. This was due to an 
expansion of adjacent associational cortex into 
the region normally accommodating input 
from the lateral geniculate nucleus, without 
significant excess cell death. Thus altered 
connectivity, both increased and reduced, 
produced a morphogenetic change. Spon- 
taneous congenital anophthalmia is a rare 
malformation i humans; in one documented 
case 59, it was associated with a reduced sur- 
face representation f Brodmann area 17, the 
homologous receptive region in the human. 
4. In a number of human CD with undoubted 
gyral abnormalities of the hemispheres, there 
is often associated ysgenesis of the corpus 
callosum 6°'6~. This is indirect evidence of 
altered connectivity and demonstrates its 
association with dysmorphogenesis, though it 
does not establish a causal ink between the 
two. Thus in the Aicardi syndrome 62there is 
GA and associated agenesis of the corpus 
callosum. Barkovich et a163 have shown, that 
callosal abnormalities are associated with GA 
on imaging and state that the first finding 
should lead to a search for the second. The 
author's own work has shown that in a case of 
subependymal heterotopia (SEH) associated 
with GA and in two of macrogyria ssociated 
with attenuated white matter, there is a 
significant alteration in the midline cross- 
sectional area of the corpus callosum--which 
may be increased as well as reduced in 
area--arguing again for altered connectivity 
in association with CD. 
5. Detailed study of the histopathology of 
polymicrogyria 64"65 reveals that there are no 
axons or dendrites crossing the area of cell loss 
in lamina V (primarily) that is held to be 
responsible for the GA. Nevertheless, neurons 
were present superficial to the scar and must 
therefore have been connected, as uncon- 
nected neurons do not seem to be able to 
survive in the adult cortex 66. Given that there 
were not processes crossing the laminar 
necrosis of layer V, as one would expect for 
overlying neurons, then these neurons must 
have been abnormally connected--as well as 
being thrown into abnormal gyral configura- 
tions. In an experimental parallel of this 
situation, Jones et a167 demonstrated the 
development of altered and abnormal connec- 
tions in the rat neocortex after the ablation of 
precursor cells of layers II to IV. 
6. McConnel168 has argued that attempts to 
understand normal and abnormal adult cere- 
bral structure and function are inevitably 
hampered by the ephemeral nature of struc- 
tures used in embryogenesis for mor- 
phogenesis; these include the radial glial fibres 
believed to guide migrating neurons along 
their route and the subplate neurons that are 
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generated first in cortical development. Thala- 
mic axons arrive at the developing cortex at an 
early stage, before neurons of the definitive 
cortical plate have migrated to their final 
positions, but do not form synapses with their 
eventual target neurons for a considerable 
time (possibly months in some primates). It is 
believed that in the interim, they may synapse 
on subplate neurons---certainly s napses are 
seen in the subplate and electrical synaptic 
activity has been recorded from the subplate 19. 
Selective destruction of the subplate neurons 2° 
leads to subsequent miswiring. Although no 
comment on morphogenesis was made in this 
paper, altered connectivity is seen to occur as a 
result of prior-altered connections (between 
the subplate and thalamic axons), thus dem- 
onstrating both the importance of McConnell's 
caveat and the conceptual importance of 
connectivity on subsequent development. 
There is, therefore, much evidence to suggest 
that interneuronal connectivity is morphogenetic, 
and that dysmorphogenesis may result from 
misconnection of neurons. What of epilepto- 
genesis? 
CONNECTIVITY AND EPILEPTOGENESIS 
1. The presence of morphologically aberrant cells 
has been shown in CD in the few studies which 
have addressed this problem. Bordarier et a169 
examined the orientation of pyramidal neur- 
ons in agyric cortex post-mortem in a child 
with abnormality of chromosome 17. The 
cortex was four-layered. In the superficial 
neuronal layer, consisting of pyramidal cells 
and small round neurons, 80% of the pyrami- 
dal cells had a radial inversion such that their 
apical dendrites were directed centripetally 
rather than centrifugally. In the deeper neuro- 
nal layer such reversed orientation was not 
seen. This finding is consistent with a similar 
reversal seen with laminar inversion in the 
cortex of the reeler mutant mouse, and is 
compatible with the findings of Pinto Lord 7° 
that axons and dendrites grow most prolifically 
where the two meet. Unfortunately in this 
study, whilst neuronal abnormality has been 
demonstrated, no assessment of connectivity is
possible. 
2. In the report by Takada et a171, however, 
dendritic development in agyric visual cortex 
was examined in two cases using Golgi 
• staining. They showed that the visual cortex 
was considerably thicker than expected for the 
age of the patients (4200 and 5800/zm 
compared with 2000 for the controls). Unfort- 
unately quantitation of cell numbers was not 
performed, so it is not possible to determine 
whether this implies that dendritic fields were 
necessarily attenuated as would be predicted 
(see above). However a limited number of 
neurons were studied in greater detail and a 
number of variables were quantified. Most 
interestingly, they were able to demonstrate a 
significant reduction in the total apical den- 
dritic length, the number of orders of branch- 
ing of apical dendrites, the number of branches 
themselves and their complexity for pyramidal 
neurons in both the superficial and deep 
cellular layers of the four-layered cortex in the 
older of their two cases. Abnormalities, when 
compared to age-matched controls, were also 
present but less dramatic for the younger of 
the two cases. Again, as the development of 
dendrites depends on the axonal microen- 
vironment in which they find themselves 7°,this 
finding argues for abnormal connectivity be- 
yond a simple inversion of orientation, and 
more towards an extensive miswiring (quan- 
titatively and possibly in terms of complexity). 
Sadly, there are very few similar quantitative 
analyses. In one qualitative report 65, changes 
in dendritic morphology and orientation were 
found in a polymicrogyric brain. 
The above points beg the question of the causal 
nature of these changes. That misconnection (as 
manifested by altered dendritic expansion) is 
functionally significant and indeed causal in 
nature is shown by evidence from a number of 
sources .  
3. Patients with Down's syndrome have an 
increased prevalence of epilepsy; his- 
topathological analysis of the brain in this 
condition is of interest. Before the inevitable 
onset of dementia, the macroscopic ap- 
pearance of the brain in Down's syndrome is 
completely normal. Extensive analysis at the 
microscopic level using conventional staining 
techniques i also normal. However, using the 
Golgi stain, Becker and his coworkers 7zhave 
demonstrated extensive synaptic dysgenesis. 
There are also known to be electrophysiological 
abnormalities at the cellular level 73. This 
strongly argues for the importance of neuronal 
integrity and interneurona! connectivity in the 
generation of dysfunction as well as showing 
that dysmorphogenesis need not accompany 
either misconnection ordysfunction. That such 
patients are also retarded to varying degrees 
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argues that particular patterns of misconnec- 
tion, rather simply than its mere presence, are 
likely to be important. This aspect of the 
problem may prove least amenable to quan- 
titative analysis. 
4. Huttenlocher studied dendritic development 
in a small volume of the middle frontal gyrus 
obtained either at autopsy or operative biopsy 
from five severely retarded infants with seiz- 
ures and compared the results quantitatively 
with development in controls and older in- 
dividuals with retardation, some of whom also 
had seizures TM. He used the Golgi technique to 
highlight dendritic morphology, but stated that 
the method would be too tedious to apply to 
large areas of the brain. Nevertheless, in this 
restricted area, he showed that the gross 
appearance of the brain was normal and that 
routine histological and electron microscopic 
analysis was also unremarkable, although 
details were not provided. On Golgi staining, 
however, he was able to identify a marked 
sparsity of the dendritic expansion in the 
infants, but not in the older patient group. This 
difference was quantifiable and occurred in all 
laminae, although only the results from layers 
III and V were presented. The length and 
branching complexity of both basal and apical 
dendrites were reduced, with a paucity of 
spines on the dendrites uggesting a reduced 
number of synapses. Abnormal findings were 
not apparent in the older, less severely 
retarded patients, and this was ascribed partly 
to the relative insensitivity of the technique. In 
four of five infants, brain size was also 
significantly reduced: based on the previously- 
discussed major contribution of the growth of 
the neuropil to cortical expansion, this is not 
an unexpected finding. The shortest interval 
between seizure onset and histological analysis 
was six months, although in one case the 
biopsy was obtained at twenty months follow- 
ing a 'few days' only of seizures (which are not 
described in any greater detail). Thus although 
the possibility exists that seizure activity may 
have produced the dendritic abnormalities, the 
absence of similar findings in the cortex of the 
older patients, who had had seizures for many 
years argues against this and rather for a 
causative role of the dendritic attenuation. 
At a more detailed structural level, 
Purpura 7~ found abnormal dendritic spine 
morphology in cortical cells from three re- 
tarded infants with epilepsy, whose brains 
were macroscopically normal. 
Thus abnormal function (developmental 
decline and epilepsy) was probably caused in 
these cases by connectional abnormalities, 
without, it should be noted, gyral dysgenesis. 
5. Ferrer et a176 report the finding of abnormally- 
distributed and shaped local-circuit neurons, 
identified by immunostaining, in a surgically 
resected, macroscopically-normal specimen 
from the peri-Rolandic area. The dendritic 
expansions of these neurons were atypical for 
the morphology of their cell bodies, arguing 
for associated abnormalities of their connec- 
tions to other neurons. Unfortunately, the 
electrophysiological characteristics of these 
neurons were not studied, although electro- 
corticographic evidence of epileptogenesis 
localized to the areas where abnormal neurons 
were common. The authors do not report 
whether the epilepsy partialis continua that 
afflicted the patient was stopped: we must 
presume that it was. Nevertheless, this report 
demonstrates the importance of neuronal 
connectional abnormalities in the genesis of 
epilepsy. 
6. Experimental work involving the creation of a 
transient epileptic focus in the rat 
hippocampus 77 by the injection of cholera or 
tetanus toxins has shown that epileptogenesis 
is associated with electrophysiological nd 
morphological changes in hippocampal pyra- 
midal neurons without any alteration in their 
number or position in the hippocampus. Thus 
abnormal connectivity can produce abnormal 
function without the need to invoke abnormal 
neuronal position or dysmorphogenesis. 
CONNECTIVITY: A MODIFIED HYPOTHESIS 
In the light of the importance of connectivity, and 
the problems with the current overall model 
linking neuronal malpositioning with epilep- 
togenesis, an alternative hypothesis i proposed. 
This is that interneuronal connectivity, through 
neuropil growth, is the primary influence on 
morphogenesis and, independently, the substrate 
for function. Equally, misconnection is held 
responsible for abnormal function (epilep- 
togenesis) and, independently, dysmorpho- 
genesis, the latter only occurring if misconnection 
is extensive nough. The old and new hypotheses 
may be summarized iagrammatically thus: 
Old 
(Mal)Position---, (Mis)Connection ---, 
(Dys)Morphogenesis ~ (Dys)Function 






The new hypothesis may be further extended to 
include the phenomenon of neuronal malpos- 
itioning, which no longer occupies a position of 
determinative importance. It may, however, 
reflect an earlier insult resulting in both malpos- 






Many insults are known to be able to produce 
malpositioning or misconnection; how they act is 
not clear. In the-'reeler' mutant, for example, 
Pinto Lord and Caviness 78 have shown indirectly 
that there is an abnormal adhesion of neurons to 
radial glial fibres such that late migrating neurons 
are not able to pass between previously-migrated 
neurons which remain in stubborn contact with 
the glial guides. Thus, they pile up proximally and 
eventually the cortical aminar inversion charac- 
teristic of the reeler mutant is produced. Palmini 
et a179 have proposed a model for neuronal 
malpositioning based on temporospatiaily dis- 
tributed isturbances of glial guide-neuron adhe- 
sion. Neither Palmini nor Pinto Lord, however, 
are able to show whether the postulated patterns 
of disturbance of intercellular adhesion are 
neuronal or glial in origin--or even both. 
Nevertheless, it is now clear that malposition- 
ing of itself does not lead to misconnection, as the 
reeler mutant demonstrates. This would seem to 
argue for a neuronal cause for misconnection, 
rather than an extraneuronal cause, for example 
in the scaffolding or the glia. That in some cases 
of epilepsy, abnormal neurons are indeed found 
(e.g. focal cortical dysplasia, DNT) also suggests a 
primary neuronal abnormality causing miscon- 
nection. Abnormal multinucleated neurons have 
also been found in polymicrogyric brains ° and in 
a case of unilateral megalencephaly associated 
with subcortical neuronal heterotopia, neuronal 
nuclear and nucleolar volumes, DNA and RNA 
were all increased sl. A mutation in a homeotic 
developmental controlgene (Small eye, a point 
mutation at the Pax-6 locus) is associated with 
delayed neuronal migration and impaired axono- 
genesis in the mouse 82. A recent report has 
identified a gene defect in human subjects with 
some forms of lissencephalyS3; the normal gene 
product has a significant homology to/3-subunits 
of G proteins, which participate in signal trans- 
duction in pyramidal neurons and may be invol- 
ved in growth cone collapse. Deletion of a neural 
cell adhesion molecule s4 and the involvement of 
neural NMDA receptors in cell migration s5have 
also recently implicated the neuron centrally in 
the generation of abnormal brain structure. 
Thus there would seem to be a primary 
neuronal role, whatever the actual cause, in 
malpositioning and misconnection. 
IMPLICATIONS OF THE NEW HYPOTHESIS 
1. Although intuitive and predictive of some of 
the morphological changes seen in various 
forms of CD, Richman et al's model has been 
shown to be inadequate in certain cases. The 
new hypothesis, however, lends itself, to a 
more robust modelling of gyrogenesis based 
primarily and explicitly on interneuronal con- 
nectivity. This model can also take into 
account other ontogenetic events, such as 
programmedcell death 66, not considered by 
Richman, but which may have marked effects 
on morphogenesis. In essence the model 
attempts to reproduce brain growth and 
morphogenesis assuming that interneuronal 
connectivity is the motive force in these 
processes. It employs new methodologies from 
the study of complexity in the prediction of the 
effect of iterative connectional changes be- 
tween a large number of identical topologically 
non-overlapping units (representing neurons) 
whose individual growth is determined by 
connections and in turn determines the shape 
of the aggregate structure, the brain. Subtle 
alterations of connectivity can be modelled, 
and the new hypothesis could be tested more 
easily at a theoretical level: this model is more 
powerful than that of Richman et al because it
is more detailed and flexible. Further details of 
this model cannot be included because of con- 
straints of space (unpubl. res.). 
2. The old supposition that misplaced neurons 
would necessarily be epileptogenic has been 
shown to be false; in any case it could not 
explain why lesions such as DNTs should be 
epileptogenic--based on morphological 
analysis only, it is not possible to say where 
dysplastic neurons in these (or any other) 
lesions should have been positioned. How- 
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ever, it has been shown that dysplastic neur- 
ons may have abnormal connections (see 
above). Thus it is conceivable that dysplastic 
neurons in DNTs are abnormally connected 
and therefore the lesion epileptogenic. Using 
Golgi staining and neuronal process-tracing 
techniques (e.g. with DiI), it should now be 
possible to determine whether this is indeed 
the case and thus provide (an interim, at 
least) explanation of the epileptogenic poten- 
tial of DNTs. 
3. DNTs also illustrate another aspect of the 
modified hypothesis. It is known that whilst 
the majority of patients who have surgical 
resection of their DNTs become seizure-free 
post-operatively, some do not. If dysplastic 
neurons in DNTs do represent a collection of 
misconnected neurons, then it is not un- 
reasonable to suppose that their removal 
should also remove the focus of epilep- 
togenesis. However, in some cases, the DNT 
may simply be a local marker of more exten- 
sive connectional disruption and thus its re- 
moval would not necessarily cure the 
epilepsy. 
Using volumetric MR data, quantitative 
measurements of the regional distribution of 
white and grey matter have been performed 86. 
The statistical distribution of such measure- 
ments is narrow for neurologically normal 
controls and from them a normal range can 
be established for various volumetric and 
distributional parameters. Preliminary. analy- 
sis of similar data for patients with DNTs has 
shown that there are no abnormalities (de- 
fined as volume or volume ratio measure- 
ments more than three Standard deviations 
from the mean value for the controls) of grey 
or white matter volume distribution in the 
pre-operative MR scans of those patients who 
are seizure-free following the removal of their 
DNT. Patients who continue to have seizures 
despite the complete resection of their lesion 
(as shown by post-operative MR scans) had 
many abnormalities of volume distribution in 
their pre-operative scans, that were not ap- 
parent to unaided visual inspection of those 
scans and were outside the lesion. Given that 
the majority of the grey matter is neuropil, 
this finding suggests that there is extensive 
connectional abnormality in such patients 
(even if the proportion of grey matter oc- 
cupied by neuropil is different in DNTs this 
still argues for altered connectivity in DNTs, 
worse for some than for others). That some of 
these connectional abnormalities are distant 
. 
from the lesion makes it unlikely that focal 
resection ,of the lesion alone will render the 
patient seizure-free. 
In general, patients with gyral anomalies are 
less likely to become seizure-free than, .for 
example, patients with hippocampal sclerosis, 
when the visible lesion alone in each group is 
excised at operation. Current hinking ascribes 
this to a more extensive abnormality of 
cerebral structure in GA than can be seen by 
either the eye at operation or on MR scanning, 
but there is no published proof of this. Using 
the same methodology aswas applied to DNTs 
above, it has been shown 86 that 18/18 patients 
with GA had abnormalities ofregional volume 
distribution of grey or white matter, and that 
in 15/18 cases, such abnormalities lay outside 
the MR-visualized lesion. This provides evid- 
ence for the hypothesis that abnormalities of
structure in the brains of patients with GA are 
extensive and would explain why the removal 
of the lesion alone would not necessarily 
render the patient seizure-free. Using the same 
technique, volumetric scans of ten patients 
with histologically-proven hippocampal scle- 
rosis, all of whom had complete hippocampal 
resection on post-operative MR scans, were 
examined. None had any abnormalities ofgrey 
or white matter volume distribution and, to 
date, all are seizure-free post-operatively 
(minimum follow-up period twelve months). 
The hypothesis would predict that patients 
with GA would fare badly if their scan analysis 
revealed extralesional bnormalities and they 
were subjected to surgery: this is a falsifiable 
claim, thus ensuring that the new hypothesis  
testable. Conversely, however, it should be 
made clear that the absence of such volumetric 
anomalies would not necessarily predict op- 
erative success! 
As the application of MR techniques increases, 
it may become less likely still that patients with 
CD undergo surgical attempts to cure them of 
their epilepsy. It thus becomes more important 
that resected--and post-mortem--specimens are 
studied whenever possible using advanced his- 
topathological techniques and quantitative Golgi 
analyses. Many of these methods can be applied 
to stored fixed specimens, and such analyses 
would constitute an important test of the hypoth- 
esis for patients with gyral abnormalities in 
particular and those without visible lesions in 
general. 
It is likely however that this modified hypothe- 
sis is still a simplification of the real situation, as 
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to some extent is inevitable. McConnel187 has 
performed transplantation experiments taking 
ventricular epithelium from rats of a given 
gestational age and implanting it into more 
developed cortex. The fate of the transplanted 
neurons appears only partly fixed at a given stage 
of development, and it is possible that the 
position of a neuron may affect its fate and, thus, 
its connectivity, if it finds itself in an abnormal 
position before it should. This is an artificial 
situation however, and it is not comparable to 
that obtaining in the conditions being considered 
here, as all the neurons have left the germinal 
epithelium by the time they are involved in 
a pathological situation. That such subtleties 
abound should not, however, be forgotten. Thus, 
for example, it is known that epileptic activity 
can itself alter interneuronal connectivity88'89: 
however the proposition here is that abnormal 
connectivity prior to the onset of epilepsy is 
responsible for abnormal morphogenesis and 
subsequent epileptogenesis (which may itself then 
further alter connectivity). 
CONCLUSION 
It is known that in certain cases of chronic partial 
epilepsy, underlying structural abnormalities of 
the brain are present and presumably responsible 
for the epilepsy. Richman et al attempted to 
relate one aspect of the structure of these brains, 
neuronal malpositioning, to another, cerebral 
dysmorphogenesis. Subsequently, the link was 
made to function and it was assumed that 
abnormal structure--in this case, abnormal neur- 
onal positioning--was the cause of the abnormal 
function---epilepsy. With the use of magnetic 
resonance scanning, the presence of such lesions 
in the brains of patients with chronic partial 
epilepsy has been found increasingly more 
frequent, making this an important area of 
research given that resection of dysgenetic areas 
may on occasion cure patients of their epilepsy. 
However, the validity of Richman's model has 
been questioned and found wanting. Whilst it 
remains likely that interneuronal connectivity is 
the primary cause of neocortical growth, as was 
implicit in their model, the model itself cannot 
explain other findings of abnormal morpho- 
genesis associated with neuronal malpositioning, 
as for example found in Zellweger's yndrome. 
In addition, the assumption that neuronal 
malpositioning was also epileptogenic has been 
challenged and found to be not necessarily 
correct. Malpositioned neurons may not be 
abnormally connected, nor do they always lead to 
dysmorphogenesis v ible to the eye. Neither do 
dysgenetic lesions always result in epilepsy. 
Instead, it is suggested that interneuronal 
connectivity is not only the primary force in 
morphogenesis, but that it is also responsible for 
visible dysmorphogenesis and, independently of 
the finding of abnormal shape, responsible also 
for abnormal function in the guise of epilep- 
togenesis. Thus abnormal neuronal position and 
abnormal cerebral function are separable: their 
co-occurrence may reflect a common disruptive 
insult to neuronal maturation. 
The hypothesis offers an explanation for 
dysmorphic abnormalities that are difficult to 
understand in Richman et al's model and 
generates a model of cerebral morphogenesis that 
is more flexible and powerful. It also provides an 
explanation for the epileptogenic potential of 
dysgenetic lesions, such as DNTs. That abnormal 
function in this model can occur without the 
accompaniment of visibly abnormal structure 
could help to explain why resection of the visible 
lesion at surgery may not always lead to a 
cessation of seizure activity. 
The hypothesis could be tested at a number of 
levels. Macroscopically, further correlation be- 
tween the finding of abnormal connection para- 
meters (e.g. altered relationships of corpus 
callosum areas to cortical volumes, or alterations 
of other surrogate measures of connectivity) and 
a poor surgical outcome would be a clinically 
important test. If shown to hold true, it might also 
become an important prognosticator of surgical 
outcome. At the histological level, the hypothesis 
could be tested by examining the numbers of 
neurons in dy'sgenetic lesions and by quantifying 
their connectivity using both Golgi staining and 
other new staining techniques. Lastly, the dem- 
onstration of abnormal neuronal functional inter- 
actions would test whether structural changes 
were associated with functional changes at the 
cellular level. This may help to unravel the 
mechanisms of epileptogenesis in some cases of 
chronic partial epilepsy: it is not inconceivable 
that this might also shed light on other epileptic 
syndromes and make more rational our care of 
those patients with refractory partial epilepsy. 
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